We present a comparative study of the relation between the aperture-based gas-phase metallicity and three structural parameters of star-forming galaxies: mass (M ≡ M * ), average potential (Φ ≡ M * /R e ) and average surface mass density (Σ ≡ M * /R 2 e ; where R e is the effective radius). We use a volume-limited sample drawn from the publicly available SDSS DR7, and base our analysis on aperture-matched sampling by selecting sets of galaxies where the SDSS fibre probes a fixed fraction of R e . We find that between 0.5 and 1.5 R e , the gas-phase metallicity correlates more tightly with Φ than with either M or Σ, in that for all aperture-matched samples, the potential-metallicity relation has (i) less scatter, (ii) higher Spearman rank correlation coefficient and (iii) less residual trend with R e than either the mass-metallicity relation and the average surface density-metallicity relation. Our result is broadly consistent with the current models of gas enrichment and metal loss. However, a more natural explanation for our findings is a local relation between the gas-phase metallicity and escape velocity.
INTRODUCTION
The abundances of elements heavier than helium in stars and in the interstellar medium (metallicity) evolve over cosmic time alongside the host galaxies. The link between chemical evolution and galaxy formation is engraved in the empirical correlations between metallicity and other physical properties of galaxies, such as total mass (Lequeux et al. 1979; Garnett & Shields 1987; Vila-Costas & Edmunds 1992) .
The advent of large, single-fibre spectroscopic surveys allowed the study of the systematic variation of metallicity for statistically significant samples (Sloan Digital Sky Survey (SDSS), York et al. 2000 ; 6dF Galaxy Survey, Jones et al. 2004 ). For star-forming galaxies, the gas-phase metallicity averaged over a fibre aperture was found to correlate E-mail: francesco.deugenio@ugent.be † Stromlo Fellow tightly with stellar mass hereafter: T04) . These authors determined the gas-phase metallicity using strong emission lines in a sample of galaxies drawn from the SDSS Data Release 2 (Abazajian et al. 2004 ). For passive galaxies, it is typically easier to measure the metallicity of the stars, usually by comparing a set of absorption line indices (Lick index system; Worthey et al. 1994 ) to a grid of models (e.g. Worthey 1994 ; Thomas et al. 2010) . The stellar metallicity measured within the SDSS fibres correlates with both the stellar mass of the galaxy and the root mean square velocity of the line-of-sight velocity distribution (σ; Thomas et al. 2010 ).
Alongside these aperture-averaged relations, metallicity is known to vary systematically within each galaxy: the existence of radial metallicity gradients has been known for more than two decades, for both the gas-phase metallicity (e.g. Zaritsky et al. 1994 ) and the stellar metallic-ity (e.g. Davies et al. 1993 ). More recently, we have been able to study the resolved metallicity relations with unprecedented detail and with much larger samples of galaxies, thanks to new large integral-field spectroscopy surveys (IFS; SAURON, de Zeeuw et al. 2002 , ATLAS 3D , Cappellari et al. 2011 , CALIFA, Sánchez et al. 2012 , SAMI, Croom et al. 2012 and MaNGA, Bundy et al. 2015 . For the gas-phase metallicity, the aperture-averaged mass-metallicity relation is mirrored by two local relations: the existence of a universal radial gradient (Sánchez et al. 2014 ) and the relation between local metallicity and local stellar-mass surface density (Rosales-Ortega et al. 2012; Moran et al. 2012; Sánchez et al. 2013; Barrera-Ballesteros et al. 2016) . The relation with stellar-mass surface density appears tighter than the physically-driven relations with gas fraction or escape velocity (Vesc; Barrera-Ballesteros et al. (2018) ; hereafter: BB18).
For stellar metallicity, the best aperture-averaged predictor is related to the gravitational potential, rather than either stellar mass or surface mass density, as determined using a comparative analysis (Barone et al. 2018; hereafter: B18) . Li et al. (2018) also find that stellar metallicity is approximately constant along lines of constant σ, in agreement with the quantitative analysis of B18. Although there is no comparable study of the resolved relations for stellar metallicity, the Mgb absorption index follows a tight relation with Vesc (Emsellem et al. 1996) . This relation is both global and local, i.e. the trend between the local Mgb and Vesc is the same across all galaxies, as well as for the values of Mgb and Vesc measured inside one effective radius (Re; Scott et al. 2009 ).
Determining whether stellar and gas-phase metallicity follow different physical properties of galaxies (and if so, why) is crucial to our understanding of how galaxies form and evolve. The fact that we cannot state a priori what is the best predictor of gas-phase metallicity demonstrates that the physical origin of the metallicity relations is still not fully understood. Even less clear is why stellar metallicity correlates with Vesc whereas previous studies of the metallicity of star-forming gas propose primary correlations with stellar mass (or surface mass density).
In order to address this problem, we conduct the first comparative analysis of the relation between gas-phase metallicity and three structural properties of galaxies: mass (M), gravitational potential (Φ) and surface mass density (Σ). We use a volume-limited sample of single-fibre spectroscopy data drawn from SDSS; in order to overcome aperture bias inherent to single-fibre data, we introduce the concept of aperture-matched subsampling: considering subsets of galaxies with a given physical size (in units of Re) equal to the aperture of the SDSS fibres. Using this method, we find that the best predictor of gas-phase metallicity is Φ, in agreement with the results for stellar metallicity (which were derived using IFS).
This work is organised as follows: after introducing the data and the sample ( § 2), we present the results of our analysis ( § 3) and a discussion of the implications ( § 4); we conclude with a concise summary of our findings ( § 5). Throughout our work, we adopted a ΛCDM cosmology with H0 = 70 km s −1 Mpc −1 , Ωm = 0.3 and Ω Λ = 0.7.
DATA AND SAMPLE
We use publicly available data and measurements based on the SDSS Data Release 7 (SDSS DR7; Abazajian et al. 2009 ). Throughout this work, unless otherwise specified, we use spectroscopic redshifts (z), stellar masses (M * ), starformation rates (SFR), specific SFR (sSFR) and emission line fluxes obtained from the publicly available SDSS DR7 MPA/JHU catalogue (Kauffmann et al. 2003a; Brinchmann et al. 2004; Salim et al. 2007 ). The uncertainties on M * and SFR were calculated as the semi-difference between the 84 th and 16 th percentiles in the posterior distribution of each parameter. In addition, we use half-light radii (Re) from the NYU Value Added Catalogue (NYUVAC; Blanton et al. 2005) .
We assume uniform uncertainties on log Re equal to 0.05 dex, determined by comparing log Re to the corresponding values measured using the Multi Gaussian Expansion fitting technique (MGE, Emsellem et al. 1994) , as implemented by Cappellari (2002) . 0.05 dex is obtained from RMS/ √ 2, where RMS is the observed root mean square about the best fit linear relation between the NYUVAC and MGE values of log Re.
The conversion between apparent and physical size is performed using the redshift-determined angular diameter distance in the adopted cosmology ( § 1). We assume that peculiar velocities are negligible, because our sample consists primarily of field and group galaxies: at the lowest redshift (z = 0.01), the error in distance due to a peculiar velocity of 300 km s −1 is ≈ 10% or 0.04 dex, less than the measurement uncertainty on Re.
For each galaxy, we use M * as a proxy for the total mass M; we further define a proxy for the gravitational potential at one effective radius: Φ ≡ M * /Re and a proxy for the average surface mass density within one effective radius: Σ ≡ M * /R 2 e . These definitions are only first-order approximations, that ignore variations both in the intrinsic shape and in the mass-to-light ratio of galaxies (e.g. Cappellari et al. 2013a ). Nevertheless, it has been shown that the photometric proxies adopted here are precise enough for a comparative analysis of the stellar population properties, with results in excellent qualitative agreement with the equivalent spectroscopic proxies (i.e. Mspec ≡ σ 2 Re, Φspec ≡ Mspec/Re and Σspec ≡ Mspec/R 2 e ; B18).
Sample selection
In order to guarantee that our results are representative, our main selection criteria are designed to build a volumelimited sample, with redshift 0.01 z 0.065 and stellar masses M * > 10 9 M . Compared to the current literature, our selection encompasses a smaller and closer volume: other studies have used 0.005 < z < 0.25 (T04) or 0.07 < z < 0.3 (Telford et al. 2016) . Given that our study focuses on the importance of fibre coverage, the redshift range is the most important selection criterion. However, our results are unchanged if we drop the volume-limited condition to adopt either of the two samples cited (Appendix A). The precise limits of the volume-limited sample do not affect our results: we repeated our test with z < 0.08 and M * > 10 9.5 M , and z < 0.11 and M * > 10 10 M , and found the results to be qualitatively unchanged. 
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8 . 8 Figure 1 . Summary of the physical properties of our sample. The solid black contours enclose the 11 th , 39 th , 68 th and 86 th percentiles. The solid red line in panel d shows the radius of the SDSS fibre as a function of redshift, while the dashed blue line is the median full width half maximum of the r -band point spread function. The mass-size relation is highlighted by the solid green line (panel e; the dotted green lines are offset by the root mean square). The dashed magenta line is the mass-size relation from (Shen et al. 2003) . There is a sharp contrast between the tight correlation observed in the mass-metallicity plane (panel h) and the lack of correlation between size and metallicity (panel i). Our sample has a median fibre coverage R fib /Re = 0.5 (panel u).
Our quality cuts follow the criteria of Mannucci et al. (2010) and Telford et al. (2016) : we require a signal-to-noise ratio (SNR) of at least 25 in the Hα line, of 5 in the Hβ line and of 3 in both the [S II]λ6717 and [S II]λ6731 lines (emission-line wavelengths are in Å unless otherwise specified). These criteria ensure that our sample is not biased in metallicity (see Telford et al. 2016, their fig. 1 ). We reject galaxies contaminated by active galactic nuclei emission (AGN) using the classification of Kauffmann et al. (2003b) , which relies on the BPT diagram (Baldwin et al. 1981 ). The precise threshold adopted to reject AGNs does not affect our results, as expected from other studies (Kewley & Ellison 2008) . We further impose a lower limit on the equivalent width of the Hα emission line, EW(Hα), in order to remove galaxies where the emission lines arise from gas ionised by low-mass, evolved stars rather than OB stars associated with star formation (Stasińska et al. 2008) . The specific value of the minimum EW(Hα) does not affect our anal-ysis: even adopting the most conservative selection found in the literature, our results are qualitatively unchanged (Lacerda et al. 2018 , EW(Hα) > 14 Å). However, because this strict selection removes approximately 25% of our sample, we adopt the less conservative estimate of Stasińska et al. (2008) , EW(Hα) > 3 Å, as also suggested by other studies (Davies et al. 2014 , Cid Fernandes et al. 2011 ; 17 galaxies do not meet this threshold). Our final sample consists of 68959 unique galaxies. This is what we call the "parent sample".
Metallicity measurements
The emission-line fluxes are dust-extinction corrected using Balmer decrement Hα/Hβ. We assume the Cardelli et al. (1989) dust extinction law and case B recombination (Hα/Hβ = 2.86 for Te = 10 4 K Osterbrock & Ferland 2006) . We measured the metallicities using the new metallicity calibrations proposed by (Dopita et al. (2016) ; hereafter: D16). This calibration is based on a new grid of photoionization models from the MAPPINGS V code (Sutherland et al. in prep.) . The combination of [N ii]λ6584/[S ii]λλ6717,6731 and [N ii]λ6584/Hα provides a metallicity diagnostic that is robust against dust reddening and ionisation effects. Throughout the paper, the gas-phase metallicity refers always to the values calibrated following D16, unless otherwise specified.
In order to explore the effect of different metallicity calibrations, we repeated our analysis with three different calibrations: a) the metallicity measurements from T04, based on the R23 line ratios (R23 ≡ ([OII]λ3727 + [OIII]λλ4959, 5007)/Hβ) and publicly available through the MPA/JHU catalogue ((O/H) T04 ); b) the metallicity calibrated using the O3N2 ratio ((O/H) O3N2 ; Marino et al. 2013 ) and c) the metallicity calibrated using the N2 ratio ((O/H) N2 ; Marino et al. 2013) . The different calibrations yield the same qualitative results, as reported in § 3.6.
Sample properties
The properties of the sample are summarised in Fig. 1 : the redshift-mass plane and the mass distribution (panels b and c) show that there is some incompleteness below M * = 10 9.5 M , due to the SNR requirements. To address this issue we use Vmax weighting: the mass function is shown again in Fig. 2a , where the dashed histogram is the mass function of our sample, the filled blue histogram is the Vmax-weighted mass function, and the dashed red line is the best-fit Schechter function. We find log M * [M ] = 10.61 and α = −1.58 (where M * and α are defined following Kelvin et al. 2014) . Within the uncertainties, these values are consistent with the parameters of the Schechter function of disk-dominated galaxies (Kelvin et al. 2014, their Table 3 ). The difference between the empty dashed and blue filled histograms highlights that the SNR requirements on the emission lines affect our sample selection, but thanks to our selection criteria, the correction to the mass function is small: repeating our analysis with uniform weighting leaves our results qualitatively unchanged.
Another possible bias that SNR cuts might introduce is against low sSFR galaxies: at fixed mass, galaxies with high sSFR are more likely to meet the quality cut than low sSFR galaxies. In order to assess the importance of this bias, we study the star-forming main sequence (SFMS; Noeske et al. 2007; Renzini & Peng 2015) . We fit a straight line to the SFMS, using the least trimmed squares algorithm (Rousseeuw & Leroy 1987; Rousseeuw & Driessen 2006) in the free implementation lts linefit (Cappellari et al. 2013a ). We find a slope a = 0.581 ± 0.003, with RMS = 0.322 dex (Fig. 2b, solid red line) . The general shape of the relation is correctly reproduced (Fig. 2b) , however we notice that our best-fit slope is flatter than the ridge line shown in Renzini & Peng (2015, dotted blue line in Fig. 2b ). This discrepancy is partly due to aperture bias at the highmass end. Because of our redshift range, we probe only the innermost region of the highest mass galaxies (on average, the largest). For these galaxies, we may measure a lowerthan-average SFR. However this bias does not affect our results, because we concentrate here on aperture-matched sampling (see § 2.4). For instance, by repeating the fit with the aperture-matched subsample with R fib /Re = 1.5 we find a steeper best-fit slope of the SFMS a = 0.62 ± 0.01.
We are mainly interested in the relation between three galaxy observables: mass, size and metallicity; Fig. 1 provides a summary of the distribution of these quantities for our sample. Notice the correlation between size and mass (panel e), the mass-metallicity relation (panel h) and the lack of correlation between metallicity and size (panel i). We use lts linefit to fit a straight line to the mass-size relation (panel e) and find: (1) with RMS = 0.195; the best-fit line is depicted as a solid green line in Fig. 1e , the dashed green lines are offset by ±RMS. Our results are in statistical agreement with the literature: Shen et al. (2003) studied the mass-size relation for a sample of SDSS late-type galaxies (defined as having Sérsic index n < 2.5; Sérsic 1968; Shen et al. 2003) . They fit a relation of the form:
We used an uncertainty weighted least-squares algorithm to fit this function to our data, and find α = 0.15 ± 0.01, β = 0.57 ± 0.28, γ = 0.09 ± 0.01 and M0 = (1.2 ± 1.1) × 10 11 M , in agreement with the values in the literature (α = 0.14, β = 0.39, γ = 0.10 and M0 = 3.98 × 10 10 M ; Shen et al. 2003, their Table 1 ). The best-fit relation from Shen et al. (2003) is the dashed green line in Fig. 1e ; our best-fit for the same function overlaps and is not depicted for clarity. We notice that the parameters β and M0 in our fit are unconstrained, because of the large uncertainties on the best-fit values: this fact is a consequence of the relative lack of massive galaxies in our sample compared to Shen et al. (2003) , and emphasizes that a linear fit in log-space is adequate to model the mass-size relation for the range of masses and sizes considered in this work.
Aperture-matched subsamples
In order to establish the effect of metallicity gradients on the mass-metallicity relation, we divide the volume-limited sample in four subsets, based on the ratio between the apparent (2015) is depicted by the dotted blue line.
galaxy size and the fibre radius: R fib /Re = 0.5, R fib /Re = 1, R fib /Re = 1.5 and R fib /Re = 2. Our results hold for apertures up to R fib /Re ∼ 2, however beyond this limit the sample size is too small (< 1000 galaxies) and our results are not significant. The smallest aperture is constrained by the requirement that we measure a representative fraction of the galaxy surface area. For an exponential light profile, an aperture of radius 0.5 Re contains a fraction of the total light equal to 0.21: below this critical fraction the measured gasphase metallicity does not necessarily represent the global metallicity of the galaxy (Kewley et al. 2005 ). In addition, for apertures smaller than 0.5 Re our proxies for the potential Φ and surface mass density Σ become inadequate: for example the relevant potential Φ cannot be estimated as M * /Re, but we have to use the ratio between the stellar mass enclosed in the fibre (M * ,fib ) and the fibre radius (R fib , expressed in physical units). For these reasons, we do not consider apertures smaller than 0.5 Re.
The median fibre coverage in our sample is R fib /Re = 0.5 (Fig. 1u) , with an extended tail to R fib /Re = 2. In order to increase the size of each subsample, we introduce a tolerance factor t = 0.13: for a given ratio R fib /Re = r, we select the corresponding subsample using the inequalities (1 − t) r < R fib /Re < (1 + t) r. The value t = 0.13 guarantees that each of the aperture-matched samples contains the maximum number of galaxies, without overlapping. We repeated the analysis with t = 0.10 and t = 0.05 and find that the results do not depend on the choice of t. For reference, given the adopted uncertainty on log Re, the relative uncertainty on Re is ≈ 0.12.
RESULTS
Before presenting our main results, we quantify the effect of aperture bias ( § 3.1). We then proceed to study the relation between stellar mass (M * ), size (Re) and gas-phase metallicity (O/H) by considering subsamples of fixed mass and size ( § 3.2). Next we show how O/H is distributed on the mass-size plane ( § 3.3). Finally we present a quantitative study of the potential-metallicity relation (Φ-O/H) and show that it has less scatter and less residual trends with size than both the mass-metallicity (M-O/H) and surface density-metallicity relations (Σ-O/H; § 3.4). We conclude by showing that our results do not arise due to the effects of sample or measurement bias ( § 3.5) and do not depend on the specific metallicity calibration adopted ( § 3.6).
Aperture bias
In order to study the correlation between gas-phase metallicity and the physical size of galaxies at fixed mass, it is important to assess and quantify the bias due to fixed aperture size. Past studies have focussed on the redshift-dependent effect of aperture bias: at fixed physical size a galaxy appears smaller with increasing distance, therefore the constant aperture of SDSS single-fibre spectroscopy probes increasing fractional areas with increasing redshift. This effect amounts to a maximum increase in radial coverage between ≈ 3 (Telford et al. 2016 ) and ≈ 40 (T04), depending on the redshift range selected. At fixed mass and redshift, the SDSS fibre covers a decreasing fraction of the galaxy light with increasing galaxy size: for the smallest galaxies the fibre encompasses all the light, whereas for the largest galaxies the fibre covers only the innermost, relatively metal rich regions. This observational effect induces an artificial correlation between size and metallicity at fixed mass and redshift.
However for most of our sample we find that size and metallicity are anticorrelated: in Fig. 3 we show how the sizemetallicity correlation varies on the mass-redshift plane. For each bin in mass and redshift, we use lts linefit to measure the best-fit linear slope between log (O/H) and log Re (∂ log Re log (O/H); represented as a colour map in Fig. 3 ; we omit bins with less than 20 galaxies, which account for a fraction of the sample of less than 0.05). The solid white curve is the locus where the median fibre coverage is 0.5: below this curve the SDSS fibre coverage is insufficient to measure a representative O/H (see § 2.4 and Kewley et al. 2005) . Aperture bias will tend to produce a positive gradient with galaxy size, because for the largest galaxies the SDSS fibre probes only the innermost, most metal-rich region. Therefore the negative gradients observed in Fig. 3 must be physical (and indeed must be more negative than observed if residual aperture bias exists). These negative gradients demonstrate the physical anticorrelation between size and metallicity, independent of galaxy mass.
Gas-phase metallicity at fixed mass and at fixed radius
We now study the relation between mass, size and metallicity firstly by fixing size and letting mass vary, and then by fixing mass and letting size vary. In order to avoid aperture bias, we consider the aperture-matched subsample with . We find a negative metallicity gradient with galaxy size (∂ log Re log (O/H) < 0); given that the gradient due to aperture bias is positive, the negative gradients must be physical. For each bin at fixed mass and redshift, the colour map indicates the value of the slope of the best-fit linear relation between metallicity and size (∂ log Re log (O/H)). The dashed red contour lines enclose the 95 th , 90 th , 67 th , 30 th and 10 th percentiles of the galaxy distribution, while the solid white curve is the locus where the median fibre coverage is R fib /Re = 0.5: below this line the SDSS fibres might not measure accurate global metallicities.
R fib /Re = 1, which is equivalent to using IFS data and summing the spectra over an aperture of radius one Re, an approach widely used in the literature (e.g. Scott et al. 2009 , McDermid et al. 2015 , Scott et al. 2017 , B18, Li et al. 2018 . We consider four samples at fixed size (a -d) and four samples at fixed mass (e -h); each sample has been centred along the best-fit mass-size relation ( § 2.3). The width of the mass bins is 2 × 0.1 dex, or twice the measurement uncertainty on log M * . The width of the size bins is 2×0.02 dex, inferred by substituting the width of the mass bins in the expression of the best-fit mass-size relation (this is comparable to the estimated uncertainty on the size measurements). The results are shown in Fig. 4 : in the left column we show the massmetallicity relation for four bins at fixed physical size (panels a -d); in the right column we show the size-metallicity relation for four bins at fixed mass (panels e -h). The mass or size range of each subsample is reported in the lower left corner of each panel, as well as in Table 1 (Column 1). In each panel, the dashed green line represents the bestfit linear relation and the green shaded region covers an offset of ±RMS in metallicity. Although a linear relation does not describe accurately the mass-metallicity relation (the slope flattens at high masses), here our aim is to find the average gradient, and for this purpose a simple linear fit suffices. The best-fit slope a and the RMS about the bestfit line are reported in Table 1 (Columns 3 and 5). We find everywhere a statistically significant trend (with significance a/σa > 10; Table 1 Column 4). The RMS is very similar for the mass-metallicity and size-metallicity relations -so mass and size are equally good predictors of metallicity (which, given the scatter about the mass-size relation, would not be the case if one were a better predictor for metallicity than the other). The overall change in metallicity ∆ log (O/H) is much smaller for the size-metallicity relation than for the Table 1 , where we show that the strength of the mass-metallicity and size-metallicity correlations is comparable. The RMS about the mass-metallicity relations is similar to the RMS about the size-metallicity relations, indicating that mass and size are equally good predictors of metallicity.
mass-metallicity relation (Column 6), but this fact does not mean that size is less important than mass when it comes to metallicity, because the dynamic range in size is much smaller than the dynamic range in mass (∆ log Re 0.6 dex; panels e -h compared to ∆ log M * 2 dex; panels a -d). The difference in range between mass and size arises from three facts: in part, it reflects a real feature of the galaxies in our sample (Figs 1a and 1c: compare the width of the distributions of mass and size); in part, it results from the constraint that R fib /Re is within a narrow range of unity; and finally, it is part due to the flat slope of the mass-size relation (a ≈ 0.2), so that we need to use a relatively wide range in mass to obtain the full range in size -which goes against the grain of this test (i.e. letting size vary at fixed mass).
A caveat of this analysis is that even the apertureaveraged metallicity within one Re may still suffer from some degree of aperture bias, because earlier morphological types For each of the panels in Fig. 4 , we detail: 1) the size range (panels a -d) or the mass range (panels e -f); 2) the best-fit slope of the relation between log O/H and log M * (panels a -d) or between log O/H and and log Re (panels e -f); 3) the statistical significance of the trend (in units of the standard deviation σa); 4) the observed root mean square around the best-fit relation (5) and the total variation in log O/H over the observed range (6).
have more concentrated light profiles (Iglesias-Páramo et al. 2016) . In order to measure an unbiased metallicity, IglesiasPáramo et al. (2016) recommend using an aperture with radius equal to 2 Re. Unfortunately our sample does not possess enough galaxies to repeat this quantitative analysis with the aperture-matched sample with R fib /Re = 2; however we remark that our results are unchanged if we adopt the aperture-matched sample with R fib /Re = 1.5. In addition, if we use only galaxies with identical light profiles (selected by their measured Sérsic index), our results are unchanged (see Appendix B). We therefore conclude that aperture bias does not play a determining role in our results. Despite these limitations, we find sufficient evidence to state that galaxy size affects the metallicity of the starforming gas independent of galaxy mass; the logarithmic slope of the size-metallicity relation has opposite sign but comparable absolute value to the logarithmic slope of the mass-metallicity relation (−1.2 < aR/aM < −0.8; Table 1 ).
Gas-phase metallicity on the mass-size plane
In Fig. 5 we show the distribution of O/H on the masssize plane (Cappellari et al. 2013b) . Each row displays the results for a different sample: the parent sample (top row), and the aperture-matched subsamples with R fib /Re = 0.5 (second row), R fib /Re = 1 (third row), R fib /Re = 1.5 (fourth row) and R fib /Re = 2 (bottom row). The left column shows the distribution for the raw data (in square bins of 0.05 dex side, panels a -e); in the right column the data has been smoothed using the two-dimensional locally-weighted robust regression technique (LOESS ; Cleveland 1979; Cleveland & Devlin 1988) , as implemented by Cappellari et al. (2013b) SDSS coverage is insufficient to measure a representative O/H (see § 2.4 and Kewley et al. 2005) . In all other panels, the dashed and the dotted black lines are lines of constant Φ and Σ respectively. For galaxies with R fib /Re < 0.5, we find that the lines of constant O/H are approximately vertical, i.e. lines of constant mass. However for these galaxies the fractional fibre coverage is R fib /Re ≈ 0.25, therefore: (i) the ratio M * /Re is not a good proxy for Φ and (ii) the measured metallicity is not representative of the galaxy metallicity. In fact, the observed trend above the white curve is exactly what is expected from aperture bias: at fixed M * , the largest galaxies have the lowest fractional fibre coverage, therefore their fibre metallicity is higher than the average value for each galaxy. As a result, at fixed M * , the largest galaxies are more metal rich than predicted by the local line of constant Φ.
In contrast, for galaxies with R fib /Re > 0.5 (i.e. below the solid white curve), we find that the lines of constant O/H are approximately aligned to lines of constant Φ. This is true for both the full sample (panels a and f) and for each of the individual aperture-matched samples (panels b -e and g -j). If we exclude the unreliable region with R fib /Re < 0.5, we find that the lines of constant metallicity: i) have approximately uniform slope across the full mass and size range, ii) appear to be aligned along lines of constant Φ and iii) nowhere in the valid part of the mass-size plane (R fib /Re > 0.5) are they aligned with lines of constant M or Σ.
We also observe that the zero-point of the metallicity relations within each aperture-matched subsample are different: at a given value of Φ, metallicity increases from the sample with R fib /Re = 2 to the sample with R fib /Re = 0.5. However this change depends on the metallicity calibration adopted (Kewley & Ellison 2008) , and may affect the relation for the parent sample (see § 3.6).
The gas-phase metallicity-potential relation
We have seen that the gas-phase metallicity on the masssize plane is approximately constant along lines of constant Φ ( § 3.3) rather than lines of constant M or Σ. We now seek to determine which of the three physical proxies M, Φ and Σ, is the best predictor of O/H. To this end, we consider the relation between O/H and each of M, Φ and Σ, and we look at three metrics: (i) the RMS about the running median, (ii) the Spearman rank correlation coefficient (ρ), and (iii) the presence and strength of trends between the residuals with respect to the median and the physical size (quantified using ρr, the relevant value of the Spearman rank correlation coefficient).
Firstly, we compare the gas-phase metallicity O/H with mass (M * ), gravitational potential (Φ) and surface mass density (Σ) for the full sample (Fig. 6a -c) . The galaxies are binned in both mass and metallicity, with each bin colourcoded by its median effective radius in physical units (Re); the solid red line is the volume-weighted median metallicity in thirty equal-size bins of the physical parameter, the dashed red lines are the 16 th and 84 th percentiles. The solid black lines are isodensity contours. In the top left corner of each panel we report the RMS, in the bottom left corner we report the Spearman rank correlation coefficient (ρ). The uncertainties on RMS and ρ were estimated by bootstrapping 75 percent of the sample 1000 times. All three panels show clear residual trends of O/H with Re, that are visible as gradients in the colour hue in the main panels; in addition, these trends are quantified in the inset diagrams, where we show the residuals of each O/H relation as a function of log Re, and where we report the value of ρr, the Spearman rank correlation coefficient for the distribution in the ∆ log (O/H) − log Re space. In the third row of Fig. 6 we show the same diagram for the aperture-matched subsample with R fib /Re = 1 (panels g-i). The Φ-O/H relation is now better than both the Σ-O/H and M-O/H correlations: it has higher ρ, lower RMS and it has no residual trends with galaxy size (ρr is −0.001 for the residuals of the Φ-O/H relation, compared to −0.221 and 0.345 for the residuals of the M-O/H and Σ-O/H relations). Equivalent results are seen also in the aperturematched subsample with R fib /Re = 0.5 (panels d -f) and R fib /Re = 1.5 (panels j -l). For apertures larger than R fib /Re = 1.5, the relevant aperture-matched samples have too few galaxies to discriminate between the three metallicity relations. For apertures smaller than ≈ 0.5 Re: (i) M * /Re might not be a good proxy for Φ in such small apertures and (ii) the metallicity measured within R fib < 0.5 Re is not representative of the total galaxy metallicity (see § 3.3).
In conclusion, aperture-matched subsamples: (i) highlight the presence of residual size-metallicity trends at fixed mass and surface mass density and (ii) demonstrate that Φ is a slightly better (lower RMS) and less biased (less residual with size) predictor of metallicity than either M or Σ.
Measurement bias and correlation between mass and size
One major possible source of bias is the correlation between stellar mass measurements and fibre size, because M * is also estimated using fibre spectra and so these too vary with the coverage of the galaxy by the fibre. For this reason, we repeated our analysis using a purely photometric mass estimator that is completely independent of R fib (M * ,p; Taylor et al. 2011), we obtain the same results as using M * : M * ,p/Re is a better predictor of aperture-averaged metallicity than either M * ,p alone or M * ,p/R 2 e . We can therefore rule out the possibility that our results are caused by correlated errors between the mass measurements and the fibre coverage.
We can also exclude the possibility that our results arise from selection bias or correlated uncertainties. In principle, our SNR constraints ( § 2) might bias the sample against galaxies with low surface brightness, because a lower fraction of their light enters the SDSS fibre than for galaxies of equal total brightness but smaller apparent size. However, even by selecting our sample subject to z < 0.065 and Σ * 10 8.5 M arcsec −2 we find results consistent with those shown in § 3.4: the M-O/H and Σ-O/H relations have clear residual trends with the physical size of galaxies, both for the full sample and for the aperture-matched subsamples. Hence we rule out our results being a product of the selection criteria.
Correlated measurement uncertainties between M * and Re can artificially reduce the scatter in the Φ-O/H relation compared to the O/H-M relation. However the measurements of M * use a different measurement than the measurements of Re, which rules out correlated random uncertainties. Another possibility is the presence of correlated systematic errors due to fitting the galaxy light profiles with a predetermined function (in our case, the family of Sérsic light profiles). However our results are qualitatively unchanged if we replace the Sérsic Re with the MGE Re, which are almost non-parametric (Emsellem et al. 1994; Cappellari 2002) .
Finally, the physical correlation between M * and Re ( § 2) could artificially reduce the scatter in the Φ-O/H relation compared to the M-O/H relation. If we were using the wrong model to fit the empirical relations, we could be imposing a coherent structure in the residuals, which then combines with the correlation between M * and Re to induce (or remove) correlations between the residuals and galaxy size. However this possibility is excluded because we use a non-parametric running median, which does not impose any pre-determined functional form on the metallicity relations and on the residuals.
It is worth remarking that -by construction -the observational uncertainty on M * /Re is larger than the observational uncertainty on M * alone. 
Alternative metallicity measurements
The results shown so far use the metallicity calibration of D16 ( § 2.2). However, adopting a different metallicity calibration affects the aperture-averaged metallicity measurements inside a constant aperture (Mannucci et al. 2010; S17). For this reason it is important to test whether our results are altered when a different metallicity calibration is adopted. We repeated our full analysis using three alternative calibrations:
2). In general we find very good qualitative agreement between the different calibrations: the Φ-O/H relation has less observed scatter, higher ρ and weaker residual trends with galaxy size than both the M-O/H and Σ-O/H relations, regardless of the specific metallicity calibration adopted. The only major difference is the behaviour of the (O/H) O3N2 distribution on the mass-size plane: in the top row of Fig. 7 (panels a and f) , we find that the lines of constant metallicity (lines of approximately uniform colour hue) are not aligned with the lines of constant Φ (dashed black lines). In contrast to the results for the other calibrations, this observation is true both above and below the solid white curve, marking the locus of average fibre coverage equal to R fib /Re = 0.5. However, when we observe each of the aperture-matched subsamples, we find that the lines of constant metallicity are aligned with the lines of constant Φ, as observed for all the other calibrations. (panels b -e and g -j in Figs 5 and 7) . The reason for this apparent discrepancy is that the zero-point differences of the aperture-matched subsamples for the Φ-O/H relations are much greater for the (O/H) O3N2 metallicity than for any of the other calibrations: as a result, mixing together different aperture-matched samples in the parent sample introduces a stronger aperture-bias in Fig. 7f than in Fig. 5f . This emphasizes the importance of aperture-matched sampling.
We conclude that our main results are independent of the metallicity calibration adopted.
DISCUSSION
In the previous section we have studied the correlation between the gas-phase metallicity (O/H) and the three photometric estimators for mass M, gravitational potential Φ and surface mass density Σ. Here we attempt to draw a consistent physical picture for the metallicity relations. We start by comparing our results to other studies of the global and local metallicity relations ( § 4.1 and § 4.2). We then compare the gas-phase metallicity trends to what has been observed for the stellar metallicity ( § 4.3). Finally, we present two physical interpretations in § 4.4.
The aperture-averaged metallicity relations
In this work we improved upon previous studies in two critical aspects. Firstly, by constructing a volume-limited sample, we ensure that our results are as representative as possible of the galaxy population in the local Universe ( § 2.3). Secondly, by studying the metallicity relations within aperture-matched samples, we minimise aperture bias.
The importance of a volume-limited approach is underlined by the controversy around the fundamental metallicity relation (Mannucci et al. 2010; Sánchez et al. 2013; Salim et al. 2014; Telford et al. 2016; S17; BB18) . A specific limitation of studying the M-O/H relation in a volume-limited sample is that our results are not directly comparable to the current literature, which adopts different selection criteria (e.g. T04; Telford et al. 2016, S17) . For instance, we find an RMS of 0.135, larger than the values reported for both fibre-based studies (0.10 dex; e.g. T04) or IFU-based studies (0.06 − 0.10 dex; e.g. S17). However, this discrepancy is entirely explained by the characteristics of our sample and by the metallicity calibration adopted. Our volumelimited sample contains a larger fraction of low-mass galaxies (10 9 < M * < 10 10 M ) compared to both T04 and S17: the M-O/H relation has larger RMS at the low-mass end than at the high-mass end (Guo et al. (2016) , but see also Kewley & Ellison (2008) , top panel of their fig. 2 ). For this reason, the observed RMS depends primarily on the fraction of low-mass galaxies. For example, by adopting a volume-limited sample with z 0.08 and M * > 10 9.5 M , we find RM S = 0.11. When we repeat our analysis for the comparison samples, we find results that are consistent with the published values (Appendix A). As for the results obtained using IFU data (e.g. S17), the different mass function of our sample is compounded by the different quality of the data: synthetic aperture spectra constructed from IFU spectroscopy typically have much higher SNR than singlefibre spectroscopy. In addition, the metallicity calibration of D16 has larger scatter than other calibrations, as already demonstrated by other authors (S17; BB18). We conclude therefore that: (i) for any given metallicity calibration, the average scatter about the M-O/H relation is larger than the typical values reported in the literature, which are based on magnitude-limited samples and (ii) given that the increased RMS in the M-O/H relation is due to sample selection and metallicity calibration, it does not affect our comparative analysis between the three metallicity relations considered here. For this reason we judge that the observed residual trend with size at fixed M reflects an underlying physical trend. Our conclusion is confirmed by other studies: the existence of a residual correlation between O/H and galaxy size at fixed mass has already been pointed out in previous works, both for the gas-phase metallicity Salim et al. 2014; Telford et al. 2016) as well as for the stellar metallicity (McDermid et al. 2015; Scott et al. 2017; B18; Li et al. 2018) . Our results are in qualitative agreement with the current literature, however we are the first to quantify the size-metallicity relation for the gas.
The importance of the aperture-matched samples is highlighted by the different behaviour of the metallicity distribution on the mass-size plane above and below the line of fibre coverage R fib /Re = 0.5. In the region above this line, metallicity appears to follow mass, whereas in the region below it metallicity follows potential. Given that this line also marks the region below which we can trust our metallicity and Φ measurements, we argue that aperture-matched sampling enables us to overcome aperture bias affecting previous fibre-based studies.
The local metallicity relations
Alongside the aperture-averaged M-O/H relation, several studies have found a correlation between the local gas-phase metallicity O/H(x) and a number of local properties of galaxies, typically defined on a physical scale of 1 kpc: local stellar mass surface density Σ * (x) (Rosales-Ortega et al. 2012; Sánchez et al. 2013; Barrera-Ballesteros et al. 2016) , local escape velocity Vesc(x) (BB18) and local gas fraction fgas(x) ≡ Σgas(x)/(Σgas(x) + Σ * (x)), with Σgas estimated from the Balmer decrement (BB18). In addition, if one uses the average metallicity and the effective radius of each galaxy as units of metallicity and radius, all galaxies have an average radial gradient of α O/H = −(0.10 ± 0.01) [dex/Re] (radius-metallicity relation (R-O/H); Sánchez et al. 2014; Ho et al. 2015) . Given that fgas(x), Σ * (x) and Vesc(x) are correlated with one another, and that they can all be expressed as declining exponentials in radius, it is possible that one or more of the local relations are not independent.
Various authors have tried to explain which relations are physically motivated (e.g. Barrera-Ballesteros et al. 2016 ; BB18), however we call into question the explanations offered to date. Firstly, each of the three measurements comes with different random and systematic uncertainties, therefore a direct comparison of the scatter about the bestfit metallicity relations cannot be used to assess which relation is intrinsically the tightest. We remark that even comparing the intrinsic scatter would be controversial, because such a comparison relies on the accurate estimate of the uncertainties. At this stage, the best observational tool to find the most fundamental relation is the study of residual trends. BB18 suggest that fgas(x) is more important than Vesc(x) because the residuals about the best-fit Vesc(x)-O/H(x) relation correlate strongly with fgas(x), whereas the residuals about the fgas(x)-O/H(x) relation have a relatively weak correlation with Vesc(x). Although this argument is suggestive, there is no quantitative assessment of the relative strength of the residual correlations. In addition, (BB18) estimate fgas(x) from the Balmer decrement (see Appendix C), which correlates observationally with metallicity via the dust fraction (Draine et al. 2014; Groves et al. 2015 , see also Appendix C). With our fibre spectra we cannot address these issues directly. However for stellar metallicity, the local Mgb(x)-Vesc(x) relation is mirrored by a an aperture-averaged Mgb-Vesc relation within one Re (Scott et al. 2009 ). Arguably the same could be true for the gas metallicity.
Comparison to stellar metallicity
The results shown here for the gas-phase metallicity are in qualitative agreement with the trends of stellar metallicity ([Z/H]) for both early-type and late-type galaxies (ETGs, LTGs; Hubble 1936; Sandage 1961) . For ETGs, the relation between [Z/H] and dynamical or stellar mass presents clear residual trends with galaxy size (McDermid et al. 2015; Scott et al. 2017 ) -in agreement with what we find here for O/H for star-forming galaxies ( § 3.4; Fig. 6a ). B18 have shown quantitatively that for ETGs, [Z/H] correlates best with Φ rather than with M or Σ, regardless of the proxies (photometric or spectroscopic) used to estimate M, Φ and Σ.
[Z/H] appears to follow lines of constant σ (constant Φ in our terminology) also for LTGs (Li et al. 2018) .
This qualitative agreemeent is particularly surprising for two reasons. Firstly, the underlying physics between stellar and gas-phase metallicity are different: stellar metallicity traces elements synthesised in all supernova types, whereas gas-phase metallicity (as measured here) traces only α-elements, produced only in type-II supernovae. Moreover, the timescale over which stellar and gas-phase metallicity evolve is also different: stellar metallicity measures the fraction of metals locked in the atmosphere of all stars, therefore it reflects the integrated star-formation history of a galaxy; gas-phase metallicity measures instead the instantaneous abundance of metals in the star-forming gas, therefore it is influenced by gas inflows and by recent star-formation (see e.g. González Delgado et al. 2014) . With these caveats in mind, a qualitative comparison is still instructive.
A number of works have explored the dependence of local stellar metallicity on local galaxy properties: Emsellem et al. (1996) find a relation between the local value of the Lick index Mgb(x) and the local escape velocity (Vesc(x)). Scott et al. (2009) observed that for the ETGs in the ATLAS 3D Survey, the local and aperture-averaged relations between Mgb and Vesc are consistent across all galaxies. If we interpret Mgb as a crude proxy for [Z/H], we expect a relation between the local stellar metallicity and Vesc(x).
B18 argue that the [Z/H]-Φ relation indicates that most stars in ETGs have formed in situ, which in this context means in a gravitational potential that is a monotonic function of the current gravitational potential. For the stellar metallicity, this relation can be maintained even through dry mergers because the stars from accreted satellites are dispersed at a radius where the local potential is equal to the binding energy of the satellite (Villumsen 1983; McDermid et al. 2015) . In a closed-box model, the in situ hypothesis predicts that the gas-phase metallicity follows the same relation as the stellar metallicity, as indeed we find in this study. Given that a closed-box model is not realistic, our results suggest that either outflows are not as important in determining the gas-phase metallicity, or they are regulated to a certain degree by the local gravitational potential.
Interpretation
The M-O/H relation is widely understood to be shaped by two physical processes: metal production and metal loss (e.g. T04; Lilly et al. 2013; Ho et al. 2015; BB18) . To first order, we can assume that the mass of metals produced is proportional to the stellar mass, therefore the gasphase metallicity O/H must be proportional to the ratio O/H ∝ µ −1 ≡ Σ * (x)/Σgas(x); in this framework, the local Σ * (x)-(O/H)(x) relation can be interpreted as an enrichment sequence (e.g. Barrera-Ballesteros et al. 2016) . By integrating the Σ * (x)-(O/H)(x) relation (weighted with the light profile), one finds the aperture-averaged Σ * -O/H relation. The second process, metal loss, depends on the value of Vesc (e.g. T04), which in turn is connected to the baryonic mass (estimated by M * ) by the baryonic Tully-Fisher relation (Bell & de Jong 2001) . The M-O/H relation represents therefore a sequence of metal retention. In practice M * and Σ * are strongly correlated, therefore both the Σ-O/H and the M-O/H relations are jointly shaped by metal production and loss. Given the evidence from these past works, the correlation between O/H and Φ could arise from the combination of two effects: (i) metal loss is related to M * (as argued by T04, thus explaining the M-O/H relation) and (ii) metal enrichment is driven by fgas(x) (and therefore Σ * (x), as argued by Ho et al. 2015; Carton et al. 2015; Barrera-Ballesteros et al. 2016 , thus explaining both the local Σ * (x)-(O/H)(x) relation and the aperture-averaged Σ-O/H relation). Each of these effects induces a correlation between O/H and M * /R n e , with n = 0 and n = 2 respectively. Their combination produces an overall correlation with an intermediate value of n. In this framework, the R-O/H arises from the Σ * (x)-(O/H)(x) relation, and from the fact that Σ * declines exponentially with radius for star-forming galaxies. The presence of residual trends with galaxy size in both the M-O/H and the Σ-O/H relations has a physical interpretation: at fixed Σ * , larger galaxies have higher metallicity than smaller galaxies, because they are more massive and hence have lower escape fraction. Conversely, at fixed M, larger galaxies (which have lower Σ * ) have lower metallicity than smaller galaxies (which have higher Σ * ), because for a fixed escape fraction they produced less metals per unit mass.
Although this explanation is attractive, it presents two difficulties. Firstly, it requires some degree of fine tuning to explain why we find that the best correlation with M * /Re n has an exponent n that is very close to 1, the value corresponding to the proxy for the gravitational potential, Φ. Moreover, this hypothesis predicts that at the low-mass end of the relation O/H correlates best with M (because for low mass galaxies the metallicity is dominated by outflows).
Conversely, at the high-mass end, O/H should correlate best with Σ * , because the escape fraction is small (the escape fraction is f 0.10 for M * 3 × 10 10 M ; Ma et al. 2016 ). Neither of these predicted trends is observed in our sample: the lines of constant gas-phase metallicity appear aligned along lines of constant Φ at every mass and size ( § 3.3) .
Alternatively, the Φ-O/H relation might point to a direct physical link between the average depth of the gravitational potential Φ and the average metallicity O/H. Firstly, if we consider M * /Re as a crude proxy for the average Vesc, the Φ-O/H relation reflects the observed link between the local metallicity O/H(x) and the local escape velocity Vesc(x). The existence of a link between Vesc(x) and O/H(x) (BB18) is in agreement with the observations for the stellar MgbVesc relation (Emsellem et al. 1996; Scott et al. 2009 ). In addition, if one accepts that the Balmer decrement is a good estimator of Σgas, we find that Σgas is correlated more tightly with Φ than with either Σ * or M (Appendix C). Theoretically, the dynamical time of galaxies matches closely the timescale of gas-consumption, (e.g. Lilly et al. 2013; Torrey et al. 2018) , which suggests that the gravitational potential might play a key role in regulating star formation and therefore metallicity.
SUMMARY AND CONCLUSIONS
In this work we examined the dependence of gas-phase metallicity (O/H) on the physical size of galaxies (Re) for a sample of ∼ 70000 local star-forming galaxies drawn from the SDSS DR7. We use both a volume-limited parent sample, comprising galaxies with different radial coverage and three aperture-matched subsamples, selected to have a homogeneous fractional area coverage from the fixed-aperture SDSS fibres. For each sample, we compare O/H to three structural parameters: mass M (estimated by M * ), average gravitational potential Φ (estimated by M * /Re) and surface mass density Σ (estimated by M * /R 2 e ). Our results are as follows:
• We demonstrate the use of aperture-matched sampling based on single-fibre spectroscopy to study radially-varying properties of galaxies, while minimising aperture bias.
• We show the existence of a size-metallicity relation at fixed mass, independent of aperture bias ( § 3.2; Fig. 4) . The logarithmic slope of the size-metallicity relation is opposite in sign, and has comparable absolute value to, the logarithmic slope of the mass-metallicity relation ( § 3.2; Table 1 ).
• Over the region of the mass-size plane where we can reliabily measure the metallicity, the lines of constant metallicity are closely aligned with the lines of constant Φ ( § 3.3; Fig. 5 ).
• We find that -regardless of the sample selection adopted -the M-O/H and Φ-O/H relations have comparable root mean square (RMS) and Spearman rank correlation coefficient (ρ; Fig. 6a-b) .
• For each of the aperture-matched subsamples, the Φ-O/H relation has the smallest RMS, the highest ρ and the least-significant residual trends with galaxy size (Fig. 6d-l ).
• We explore two possible explanations for the dependence of O/H on the physical parameters M, Φ and Σ. The usual theory offered in the literature explains the Σ-O/H and M-O/H relations in terms of local enrichment (driven by Σ * (x)) and global escape fractions (driven by M). We suggest, as an alternative, that both the M-O/H and Σ-O/H relations arise from a local relation between O/H and Φ. This hypothesis can be tested using integral field spectroscopy. ased relation (i.e. aperture bias is more important than how the mass function is sampled).
APPENDIX B: SYSTEMATIC VARIATIONS IN THE LIGHT PROFILE
One major concern of our analysis is that studies stemming from IFU spectroscopy recommend using apertureaveraged metallicities within 2 Re (Iglesias-Páramo et al. 2016) , but here the corresponding aperture-matched sample (i.e. R fib /Re = 2) does not possess enough galaxies to perform a conclusive quantitative analysis. IglesiasPáramo et al. (2016) argue that the systematic variation in the light profile among different spiral types introduces a morphology-dependent aperture bias. Early spirals (Sa) have by definition more prominent bulges than late spirals (Sc, Sd; Hubble 1936; Sandage 1961). As a result, the for-mer have more concentrated light profiles than the latter, which in turn means that a smaller fraction of the disc light is included within 1 Re than for later-type galaxies. In order to assess whether this bias is affecting our results, we used three methods. Firstly, we have shown qualitatively that even for the aperture-matched sample with R fib /Re = 2, O/H closely follows lines of constant Φ (Fig. 5j) . Secondly, we show that our quantitative results hold for the sample with R fib /Re = 1.5 (panels j-l in Fig. 6 ). Here we show that even by selecting galaxies with the same light profiles, our results are unchanged.
If the Φ-O/H relation were due to light-profile dependent aperture bias still being present in our aperturematched samples, we would expect that dividing these samples by the shape of the light profile showed a different dependence on mass and size. In Fig. B1 we reproduce the metallicity variation on the mass-size plane reconstructed with LOESS, divided in four narrow bins of the Sérsic index n: 0.9 < n < 1.1 (first column), 1.4 < n < 1.6 (second column), 1.9 < n < 2.1 (third column) and 2.4 < n < 2.6 (last column; for higher values of n our aperture-matched samples do not possess sufficient galaxies). Comparing Fig. B1 with Fig. 5 we find no qualitative difference: galaxies with different light profiles behave in the same way on the mass-size plane, so the fact that the lines of constant O/H are parallel to the lines of constant Φ is not an artefact of aperture bias. 12 + log(O/H) Figure B1 . Distribution of the gas-phase metallicity O/H on the mass-size plane, divided by the best-fit value of the r−band Sérsic index n. Each column shows the distribution for a different bin in n: 0.9 < n < 1.1 (panels a-c), 1.4 < n < 1.6 (panels d-f), 1.9 < n < 2.6 (panels g-i), 2.4 < n < 2.6 (panels j-l). Each row shows the distribution for a different aperture: the parent sample (top row, panels a, d, g and j), the aperture-matched sample with R fib /Re = 0.5 (middle row, panels b, e, h and k) and the aperture-matched sample with R fib /Re = 1 (bottom row, panels c, f, i and l). In the aperture-matched samples, O/H is constant (i.e. approximately uniform colour hue) along lines of constant Φ (dashed black lines). This fact does not depend on the functional shape of the stellar light profile.
APPENDIX C: USING THE BALMER DECREMENT TO ESTIMATE THE GAS SURFACE MASS DENSITY
BB18 use the Balmer decrement to estimate the gas surface mass density, by defining Σgas ≡ 30 AV M pc −2 , where AV is the optical extinction. This estimator assumes that the dust-to-gas ratio (D) is uniform across all galaxies, however D depends on metallicity (Draine et al. 2014; Groves et al. 2015) . For this reason one should be careful when using this method to study the correlation between metallicity and the surface mass density of gas.
In Fig. C1 we show how Σgas (that is, AV ) varies across the mass-size plane. The solid lines are the loci of constant fibre coverage: our measurements of metallicity can be trusted only below the solid white curve (i.e. for R fib /Re > 0.5). The dashed (dotted) black lines are lines of constant Φ (Σ): it is clear that Σgas correlates with Φ, rather than with Σ. When we repeat the quantitative analysis of Fig. 6 by substituting Σgas in place of O/H, we find that the Σgas-Φ and Σgas-Σ relations have comparable RMS, but the Σgas-Φ relation is statistically consistent with no residual trends with galaxy size, unlike the Σgas-Σ relation. We believe that this result is a consequence of the correlation between Φ and O/H, and between O/H and the Balmer decrement. If however we were to treat the Balmer decrement as an unbiased estimator of Σgas, the fact that Φ is the best predictor of Σgas could be used to explain the Φ-O/H relation in terms of effective yield and gas fractions (e.g. BB18).
The fact that Σgas correlates better with Φ than with M or Σ raises the possibility that the Φ-O/H relation arises from the correlation between Φ and AV and from AV bias- ing the metallicity estimator O/H. However the metallicity calibration adopted here uses line ratios that are sufficiently close in wavelength to be insensitive to the extinction correction (see § 2.2 and Dopita et al. 2016) . For this reason we believe that O/H links Φ and AV , rather than AV linking Φ and O/H.
